Validation of 3-dimensional (3D) reconstruction of full dental arches with crowns and roots based on cone beam computed tomography (CBCT) imaging represents a key issue for 3D digital dentistry. Accurate 3D tooth reconstruction allows the construction of individual virtual orthodontic set-ups, roots resorption analysis, virtual planning for mini-implants, and mini-screw insertion. [1] [2] [3] [4] Accurate 3D tooth reconstruction is important when using 3D printed tooth replicas during autotransplantation procedures, and in custom-made anatomic implantology. [5] [6] [7] [8] Moreover, in forensic odontology accurate tooth volume measurements are important for calculating the tooth/pulp volume ratio, which is strongly correlated with age estimation. 9 A few studies have already tried to determine and validate in vivo tooth volumes from available 3D CBCT using manual segmentation, which still represents the gold standard for obtaining volume measurements from medical images. 10, 11, [13] [14] [15] [16] The first was a 2010 article by Liu et al., who described a feasibility study of in vivo tooth volume determination from CBCT imaging. However, that article had various methodological issues. The authors compared the volume of teeth before extraction (on CBCT), and after extraction (with water displacement as the reference method) on 24 premolars (which represented limited complexity of root anatomy) from 9 patients, using 2 different CBCT devices and 4 different radiological protocols. 10 Two independent observers manually segmented the 24 premolars twice with Amira 3D software (FEI Visualization Sciences Group, Hillsboro, USA), applying subjective modifications of the windowing of CBCT images during the segmentation process. The reference method was based on water displacement: A subjective visual assessment of the lower level of meniscus (0.1 mL gradation) was performed when the tooth was placed in a graduated cylinder. 10 Liu et al. concluded that there was a significant difference between the physical volume measurements of the extracted teeth and the CBCT measurements (−4% to +7%; p < 0.05). The authors also stated that surface smoothing reduced the volume by 3-12%, and that no specifications could be given at that time regarding how to accurately segment teeth from CBCT. 10 In a 2011 study by Wang et al., 27 premolars from 15 patients were CBCT-scanned before extraction and micro-CT-scanned after extraction as a comparative reference system. 11 A unique threshold (1673 to 2000 HU) was employed using Mimics software (Materialise NV, Leuven, Belgium) for tooth segmentation. Intra-observer repeatability was high for both observers (intraclass correlation coefficient [ICC] = 0.999 and 0.998), while inter-observer reproducibility was less impressive (ICC = 0.740). 11 The ICC is used for quantitative measurements of units organized into groups. It describes how strongly units in the same group resemble each other. 12 The effect of the threshold on segmentation was not the purpose of that study. 11 Forst et al. proposed to test the intra-and inter-observer reproducibility of 3 types of in vivo segmentation on 10 maxillary upper molars from CBCT: 1. manual human segmentation on a repeated 2-dimensional (2D) basis, 2. automated segmentation without human refinement, and 3. automated segmentation with manual human refinement on a repeated 2D basis. 13 The results of automated segmentation with human refinement corresponded to the results of manual segmentation by Liu et al. 10 However, because the teeth were not extracted after CBCT in that study, it was impossible to determine the true tooth volume using any of the existing reference methods (micro-CT scan, laser scanning, water displacement method, etc.). 13 The segmentation method proposed by Forst et al. still needs to be validated. The windowing protocol for manual segmentation was not described or tested in that article. 13 Moreover, some windowing protocols (center level/band width) have been cited in the literature as providing the best tooth visualization in CBCT. Spin-Neto et al. suggested a 1131/1858 protocol for the best tooth visualization. 17 Lee et al. used a 2224/4095 protocol to generate 3D virtual surface models of the maxillary and mandibular dental arches that include whole with the roots. 18 However, the protocols by Spin-Neto et al. and Lee et al. have not been validated. Therefore, we proposed to search for the potentially most accurate in vivo windowing-based tooth segmentation protocol from CBCT. We wanted to compare the 2 protocols found in the literature with 2 proposed by our research team: 1. automatic adjustment of the windowing by the 3D Slicer software AUTO protocol, and 2. a mixed approach based on the protocols found in the literature: 1131/4095. 17, 18 The null hypothesis was that all 4 windowing protocols were equivalent for in vivo tooth volume measurement from CBCT.
Material and methods
This retrospective study was conducted between 2010 and 2014, on the basis of preoperative CBCT examinations of patients who underwent further tooth extractions for reasons independent of the present study. Preoperative CBCTs were also performed independently of this study. Written informed consent was obtained from all the participants in the study, which was approved by the Ethics Committee of Cliniques Universitaires Saint Luc (Brussels, Belgium; no. B40320096961). The radiological protocol was I-CAT (Imaging Sciences International Inc., Hatfield, USA), with 0.3 mm slice thickness, field of view 8 cm in height × 16 cm in diameter, 120 kVp and 18 mAs. The main reasons for performing CBCT were: 1. to evaluate the distance between the roots of the wisdom teeth and the inferior alveolar nerve when a close relationship was seen on previously obtained panoramic X-rays; 2. to evaluate the positioning of supranumerary teeth when 2D X-rays failed to provide a final diagnosis; and 3. to evaluate cystic involvement in the maxillary sinus region associated with maxillary tooth extraction. For the purpose of our study, we used all the extracted teeth that were fully present in the CBCT field of view. For example, if CBCT was performed to evaluate the distance between the lower wisdom teeth roots and the inferior alveolar nerve, and simultaneously, the upper wisdom teeth were present in the same CBCT field of view, and were extracted at the same time as the lower wisdom teeth, then the upper wisdom teeth were also used in our study. The inclusion criteria were: adult patients, teeth without demineralization (without decay and without immature roots), teeth without metallic fillings or crowns, and teeth that were not sectioned or damaged during oral surgery. The 36 teeth included were extracted from 14 patients, aged between 18-68 years old. Ten females and 4 males participated in this study. Out of the 36 teeth, 23 were wisdom teeth. Each extracted tooth was first cleaned of blood, soft tissue and bone fragments, and brushed under running water. Next, each tooth was separately conserved in a closed storage box, fully immersed in 0.1% chloramine.
To study intra-and inter-observer reproducibility, manual segmentations were performed twice for each of the 36 teeth from CBCT imaging by 2 independent observers, with a 1-month time period between the 2 segmentations. Both observers were dentists, and a calibration session was provided by the senior researcher prior to the start of the study to explain how the software worked, how to save the data, how to use different segmentation tools and how to modify the windowing protocols. Prior to the start of the study, the two observers had trained with manual segmentation on 10 other teeth that were then excluded from the main study. The segmentations were performed using 3D Slicer 3.6.1 open source software (SPL, Harvard Medical School, Boston, USA). 19 Each segmentation consisted of a contour of the tooth image (enamel, dentin, crown and roots), sliceby-slice, by looking at the slices on the computer screen, using a mouse, and using the Editor module of the 3D Slicer software tools, with such functions as: 1. "paint", 2. "level tracing" and 3. "draw". The segmentations were mainly performed on axial slices, and some adjustments were then performed on sagittal and coronal views (Fig. 1) . Four different windowing protocols (level/window) were applied: 1. 1131/1858, 16 2. 2224/4095, 18 3. a mixed protocol based on protocols 1 and 2: 1131/4095, and 4. AUTO, an automatic protocol provided by default by the software (Fig. 2) . In total, 576 segmentations were performed. Three-dimensional reconstruction of each tooth was automatically performed using 3D Slicer software, and the tooth volume was automatically calculated by the software. No smoothing function was used, as smoothing may modify the entire volume of the tooth. 10 The volume was also automatically measured in mm 3 using the Statistics module of the 3D Slicer software. To compare the volumes obtained from CBCT segmentations with a gold-standard method, we used the laser scanning method (Ceramill Map300, Amann Girrbach AG, Koblach, Austria), which is based on structural light. The 36 teeth were laser-scanned according to the manufacturer's instructions, within an error of 20 µm (Tables 1-4 ). Prior to the start of the measurements with the laser scanner, the device was calibrated using a 3D model provided by the manufacturer. A plaster custom-made support was created for each tooth. The tooth was attached to the support using dental wax. All the surfaces of the tooth were covered with a very thin layer of talc used in the spray for laser scanning purposes (Lava TM , 3M ESPE AG, Seefeld, Germany). The volume was automatically measured by the software included with the laser scanner, and was rechecked with Netfabb basic software (Netfabb GmbH, Parsburg, Germany). Laser scanning one tooth took approx. 40-80 min.
Statistical analysis
To compare the 1 st and 2 nd measurements for each windowing protocol, we used multiple paired Student's t-tests with the Bonferroni correction; the level of significance was set at p < 0.00625 for intra-observer correlations (p < 0.05/8, because there were 8 tests) and p < 0.0125 for inter-observer correlations (p < 0.05/4, because there were 4 tests). To determine the reproducibility of measurements, we used the intraclass correlation coefficient ICC2.1 (single measurement, absolute agreement, 2-way random effect analysis of variance model). To compare manually segmented volumes from CBCT and the true volume obtained by laser scanner, we again used multiple paired Student's t-tests with the Bonferroni correction; the level of significance was again set at p < 0.00625. The correlation was calculated between the volume obtained by manual segmentation according to the type of windowing protocol and the true volume measured by the laser scan. A correlation was described as strong if the ICC was greater than 0.8. All the tests were performed using SPSS ® for Windows, v. 16.0 (SPSS Inc., Chicago, USA). Table 5 shows the intra-observer correlations for the 2 observers in relation to the 4 different windowing protocols. There were no significant differences between the 1 st and 2 nd measurements. There was a good intraclass correlation for all of the protocols used. The means of the 1 st and 2 nd measurements were then used for further tests. Table 6 shows the inter-observer correlations for the 2 observers in relation to the 4 different windowing protocols. The inter-observer correlation was excellent for all 4 windowing protocols. There was a significant difference between the 2 observers for the AUTO and 2224/4095 protocols. However, this error is small compared to the measured volume (excellent ICC). Table 7 shows the measurements of the correlation coefficient between the measurement of volume obtained from the different windowing protocols and the true volume. The best windowing protocol was 1131/1858 for both observers. Tooth volumes obtained with manual segmentation of CBCT images and using the 1131/1858 windowing protocol were not significantly different from tooth volumes obtained by laser scan. 20 Grey values measured on CBCT are dependent on the type of CBCT device, the exposure parameters, the position of the measurement inside the field of view, and the amount of mass inside and outside the field of view. 20 The lack of consistent grey values means that a threshold value for bone and other tissues cannot be established for CBCT images. 20 However, a modified greyvalue approach has also been investigated, with positive results in vitro and in vivo in terms of bone quality measurements and implant planning. [21] [22] [23] [24] In this study we did not measure grey values in CBCT; we only tested different windowing protocols for CBCT images to find the best contrast between teeth and the surrounding structures. We found that a protocol proposed (but not validated) by Spin-Neto for I-CAT (1131/1858) was significantly the best for obtaining accurate tooth volumes from in vivo I-CAT CBCT images (Fig. 2) . 17 Moreover, during manual segmentation, we encountered various parameters that may directly affect the qualitative and quantitative aspects of manual segmentation. These parameters may explain why the measurements were different between the 2 observers, and why the measurements were different when using different windowing protocols. These parameters could be categorized as: 1. parameters specific to the volume to be segmented, 2. parameters specific to the observer, and 3. parameters associated with the segmentation software. Parameters that were specific to the volume to be segmented were 1. the anatomy of the tooth and of adjacent periodontal structures, 2. the position of the tooth in the surrounding bone, 3. the level of mineralization of the tooth, 4. the presence of metallic artifacts, and 5. contact between adjacent teeth. The anatomy and density of a tooth is heterogeneous from the crown to the apex. A tooth crown is easier to segment due to its mineralized enamel and because the enamel presents a clear contrast with the adjacent air. The root and especially the apex are areas that are more complex to delineate by segmentation, due to the less clear difference between root tissue and the surrounding alveolar bone. Moreover, a disease-free periodontal ligament (lamina dura) cannot be distinguished on CBCT images with the field of view we used in our study, and may be mistaken for the tooth, in which case the final volume would be overestimated (Fig. 3) . When we consider the position of the tooth in relation to the surrounding bone, segmentation between the tooth and bone becomes more difficult when the roots are closer to the cortical bone. This occurs more often on the mandible, where the teeth are positioned between the thin internal and external cortical bone, compared to the maxilla (Fig. 4) .
Results
Problems inherent to the mineralization of the tooth, such as the presence of decay and immature roots, may also complicate segmentation. For this reason, one of the initial exclusion criteria was the presence of major decay that was clinically diagnosed prior the tooth removal. Immature roots present with low density in the apex region, and the limits of the apex in relation to the surrounding bone become difficult to determine. 25 Metallic crowns and dental fillings create major artifacts in 3D tooth reconstruction and prevent accurate segmentation of crowns (Fig. 1) . For this reason, we also excluded all teeth with crowns and metallic fillings from our study. Inter-dental contact makes segmentation and the interpretation of the external limits of dental crowns difficult. The teeth appear to be merged together on 2D slices.
Parameters specific to the observer that may affect the results of segmentation include: 1. the observer's experience using segmentation software; 2. his/her knowledge of dental anatomy, which is important when the observer needs to contour the apex region with complex root anatomy; and 3. any tiredness on the observer's part during the manual segmentation process, which may decrease the accuracy of segmentation, particularly with complex root anatomy, and when the time spent on one segmentation is excessively long.
Parameters specific to the software used (3D Slicer) are 1. the tools used for manual segmentation, and 2. the contrast/windowing control. We mainly used the "paint", "draw" and "level tracing" tools in the 3D Slicer software. The "level tracing" tool is well suited for tooth segmentation with clear limits, but if the limits are not precise or if there is a structure with a density close to that of the tooth, the "level tracing" tool is not the best option (Fig. 5 ).
Other parameters that may modify the results of manual segmentation are related to the CBCT radiological protocol, such as mAs, kVp, slice thickness, field of view and voxel size, and also due to movement artifacts in the CBCT device. 26, 27 The limitations of this study are related to the CBCT radiological protocol. We tested the windowing protocols in only one type of radiological protocol, without modification of the type of CBCT device, mAs, kVp, slice thickness, field of view or voxel size. We also did not compare windowing protocol results between different types of CBCT devices. Therefore, our findings are strictly limited to the use of 3D Slicer software and to I-CAT CBCT, with a 0.3 mm slice thickness, 8 cm × 16 cm field of view, 120 kVp and 18 mAs. Also, we used only manual segmentation, as this technique still represents a gold standard. However, other in vitro teeth segmentation methods that have already been tested, provide much faster segmentation and are useful in clinical practice. [28] [29] [30] In conclusion, the null hypothesis was rejected. Compared with the other windowing protocols we investigated, the 1131/1858 windowing protocol allows for significantly closer 3D in vivo segmentation of a tooth from I-CAT CBCT, with excellent intra-observer repeatability and inter-observer reproducibility. 
